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SOL-GEL SYNTHESIS AND DENSIFICATION OF
ALUMINOBOROSILICATE POWDERS
PART I-SYNTHESIS

Jeffrey Bull, Guna Selvaduray,* and Daniel Leiser
Ames Research Center

Summary

Aluminoborosilicate powders high in alumina content
were synthesized by the sol-gel process utilizing various
methods of preparation. Properties and microstruc-
tural effects related to these syntheses were examined.
After heating to 600°C for 2 h in flowing air the pow-
ders were amorphous with the metal oxides compris-
ing 87% of the weight and uncombusted organics the
remainder. DTA of dried powders revealed a T, at ap-
proximately 835°C and an exotherm near 900°C due
to crystallization. Powders derived from aluminum
secbutoxide consisted of particles with a mean diam-
eter 5um less than those from aluminum isopropox-
ide. Powders synthesized with aluminum isopropox-
ide produced agglomerates comprised of rod shaped
particulates while powders made with the secbutoxide
precursor produced irregular glassy shards. Compacts
formed from these powders required different loadings
for equivalent densities according to the method of
synthesis.

Introduction

The sol-gel process is a low temperature chemical syn-
thesis which uses solutions, sols, or mixtures of both
as a precursor for glass and ceramic materials (ref. 1).
The process is most commonly used to produce single
component and multi-component hydroxylated gels.
Products obtained from these gels include but are not
limited to bulk glasses, fibers, thin films, and powders
(ref. 2). The application of this process to the pro-
duction of powders in the alumina-boria-silica (ABS)
system is the topic of this paper.

The Al;03-B203-Si0; system phase diagram is shown
in figure 1 (ref. 3). The vaporization of B2Oj3 (boria) at
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elevated temperatures from this system makes compo-
sitional control difficult. Referring to the composition
indicated by “N” in figure 1, as boria volatilizes, addi-
tional mullite should precipitate from the solid solution
of 3A1,03-28i0, and 9A1,03-2B203. A decomposition
reaction such as this has been observed in the temper-
ature range of 1200-1400°C in ceramic fibers of similar
composition (refs. 4 and 5).

As both of these compounds are refractory, with melt-
ing points in excess of 1800°C, fibers which contain
them find use in high temperature applications where
oxidizing enviroments are encountered. Nextel-312 is
a commercially available ceramic fiber with the com-
position indicated by “N” (62 wt percent Al,O3- 14 wt
percent BoOj3- 24 wt percent SiO2) in figure 1 which
has considerable retention of mechanical strength for
long durations at temperatures up to 1205°C in air
(ref. 6). This fiber is currently used as an integral
component of a family of low density insulative mate-
rials known as Fibrous Refractory Composite Insula-
tion (FRCI) (ref. 7). FRCI is now used as a thermal
protection material in selected areas on space shuttle
Orbiters. As a component of FRCI, the Nextel fiber
provides a boria source for promoting silica fiber-to-
fiber bonding and decreases shrinkage at high temper-
atures. The overall strength of this composite is much
greater than a comparable de..sity all-silica insulation.
Addition of the Nextel fiber not only reduces the pro-
cessing temperature of the composite insulation but
decreases the driving force for silica devitrification. At
temperatures greater than the processing temperature
of FRCI (x1315°C) the rate of boria vaporizaticn from
the Nextel fiber increases with increasing temperature
(ref. 5). This in turn decreases the effective or “ap-
parent” viscosity of the composite and retards the de-
vitrification of silica fibers to cristobalite (Dan Leiser,
private communication, 1989). However, in these silica
based composite insulations, it is disadvantageous to



have excess boria present after processing because re-
duced viscosity can degrade their dimensional stability
at temperatures exceeding the processing temperature.

Therefore a means of tailoring the thermochemical
behavior of materials in the ABS system with en-
hanced processing characteristics would prove most
advantageous in extending the high temperature resis-
tance of these insulations. Sol-gel processing of multi-
component oxides has been demonstrated by several
authors (refs. 9-13) and may be suitable for high tem-
perature use. This paper describes several methods of
chemically synthesizing powders of a single composi-
tion within the ABS system via the sol-gel process, and
the effect of those methods on the powder’s physical
properties.

We appreciate the generosity of Surface Science Lab-
oratories, Mountain View, Calif., for performing the
ESCA work.

Experimental

Two methods of synthesis were employed in using
the sol-gel process to produce ABS powders and each
method was accomplished using two different alu-
minum alkoxides. By altering the method of synthe-
sis, the introduction of structural modifications at the
molecular level should be expected in the early stages
of polymerization. Further modifications should be in-
duced by utilizing the different hydrolysis reactivities
of the alumina precursors, as well as those of polymeric
species subsequently formed in the sol.

Based on the composition indicated by “N” in fig-
ure 1, corresponding to a molar ratio of 3:1:2 for
Al203:B203:Si02, reaction steps and mechanisms
were proposed for the two methods of synthesis
(method 1 and method II) as detailed in figures 2
and 3, respectively. These mechanisms are ideal in
that they describe only well established paths to sta-
ble monomeric species. The actual mechanisms are
undoubtedly more complex, with not only the forma-
tion of the shown monomers, but the formation of
many dimeric, trimeric, and other intermediates as
well. Nevertheless, the proposed mechanisms provide
a necessary guide to the method of synthesis and the
required stoichiometry.

The synthesis methods used were developed based on
the work of Brinker and Mukherjee (ref. 8) as well as

those of Yoldas (refs. 9 and 10) and Fleming (ref. 11)—
all of which pertain to the chemical synthesis of multi-
component oxides. Each method was conducted with
two different alumina precursors, with the alumina
precursors extending each designation by an arabic
numeral, i.e., the isopropoxide alumina precursor of
method I is designated I.ABS.1 and the secbutoxide
precursor of method II is II.ABS.2. Quantity, grade,
and source of reagents used in the syntheses are listed
in table 1.

Ethanol was used as the common solvent for all oxide
precursors, their hydrolysis products, and water. In
method I, an ethanolic solution of tetraethylorthosil-
icate (TEOS) was partially hydrolized and then an
ethanolic solution of trimethyl borate (TMB) was
added while stirring. This borosiloxane sol was then
added to a slurry of AIP or ASB and vigorously stirred.
Final hydrolysis of this mixture was performed by
adding, dropwise, an aqueous ethanolic solution with
additional stirring. Method II is similar to method I
except that the alumina precursor is added prior to the
boria precursor. An ethanolic solution of TMB was
then added to the corresponding aluminosiloxane sol.
This mixture was then hydrolyzed as in method I, pro-
ducing sols with a concentration totalling 5 wt percent
equivalent oxide. This concentration and the use of
an acidic catalyst, HNO3, were to encourage extensive
polymerization and the formation of a network struc-
ture of the constituent oxides. All steps of the synthe-
ses were performed in air at atmospheric pressure with
no precautions taken to prevent premature hydrolysis
from atmospheric moisture. The gelled material was
dried in an air-circulated oven at 80°C for 24 to 48 h to
give the powder. The powder was ground with a porce-
lain mortar and pestle and heated again at 600°C for
2 h in flowing air. These pre-calcined powders were
sieved through a 80 mesh (180 um) sieve. Agglomer-
ates not able to pass through the sieve were ground
until they passed freely through the sieve; only two
passes were necessary. Powder compacts were made
from the resultant material by dry pressing at variable
loads in a carbon steel die, sprayed with zinc stearate
as a die lubricant.

Powders obtained from the various methods were
chemically analyzed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) and elec-
tron spectroscopy for chemical analysis (ESCA). Ther-
mochemical analysis was accomplished using thermo-
gravimetric analysis (TGA) and differential thermal
analysis (DTA). Particle size analysis, X-ray diffrac-
tion (XRD), and scanning electron microscopy (SEM),



were used for structural characterization. Apparent
density of the powders and powder compacts was de-
termined by volume pycnometry using helium as the
working gas. Bulk density of the powder compacts was
determined by mass and volume measurements.

Results and Discussion

Compositional Analysis

Chemical analysis of the ABS powders revealed slight
deviations from the 3:1:2 ratio of Alz03:B203:5103,
as shown in table 2. The largest deviations oc-
curred in the Al;03/SiO, ratio and are positive. The
SiO2/B,0j ratio is nearest in agreement with the cal-
culated ratio. Hence, the deviations are most likely
due to depletion in the boria and silica content of the
powder. The presence of Al, Si, and B as non-oxides,
e.g., hydroxides, would also contribute to the relative
errors. Preliminary results from ESCA indicated that
the majority of the metals were present as oxides and
so this contribution was negligible. Depletions in the
silica content could be due to the vaporization of unre-
acted silanol species during drying and pre-calcination.
Xiaoming and Yuguang (ref. 13) observed significant
depletions in the boria content for an ABS system with
alumina as the minor constituent and attributed this
loss to hydrolysis of the TMB with atmospheric mois-
ture. They showed that the compositional deviation
increased with decreasing SiO2/B2O3 molar ratio; the
greatest deviation (88.9%) occurring at a ratio of 2.08,
a ratio nearly equal to that described in this work. No
depletions of this magnitude were found in these pow-
ders since the maximum value calculated was 6%. A
minute adjustment in the quantity of TMB and TEOS
was made to reduce the deviations. The values shown
in tables 1-4 reflect this adjustment and are the mean
values from synthesis of three batches.

Table 3 lists the major oxide constituents and their
abundance in the pre-calcined powders. The values
in this table show that all synthesized ABS powders
are of equal composition. Appraximately 13% of the
weight is non-oxide material at this stage of process-
ing. This mass difference was attributed to both resid-
ual organics and physically and chemically bound wa-
ter. Table 4 lists the quantities of minor oxide con-
stituents, impurities, detected in the initial batch of

powders. It is obvious from this table that ABS pow-
ders based on the ASB precursor contain lower lev-
els of impurities than those based on AIP. The differ-
ence was attributed to the initial purity of the alumina
precursors.

The chemical composition of an ABS powder compact
as determined by ICP-AES and ESCA are compared
in table 5. The agreement is relatively good. ESCA
shows that the mass difference previously observed is
partially due to uncombusted carbon. High resolution
techniques with ESCA in the vicinity of the peaks due
to Al and Si show that these metals are present as
oxides. The same technique shows B present as a mix-
ture of oxide and hydroxide. This indicates either ter-
minal linkages of boron in the polymer network or its
failure to be incorporated into the network. The close
agreement between the analytical values and the calcu-
lated value shows that the powder compacts are chem-
ically homogeneous and consist primarily of the metal
oxides.

Thermochemical Analysis

The dried ABS powders consisted of bleach-white par-
ticulates and agglomerates. Powders made with ASB
took approximately twice as long to dry as those made
with AIP. After pre-calcination, the powders varied
in color from white to gray depending on the extent
of oxidation of the organic constituents. Oxidation
of residual organics and other weight loss phenomena
were revealed in the thermal analysis of the synthe-
sized powders.

Results of TGA of the dried powders are shown in
figure 3. The curves of weight loss vs. temperature
are all characterized by a rapid weight loss between
25 and 300°C followed by a gradual transition to a
slower but more constant weight loss in the temper-
ature range from 300-1000°C. This is followed by an
increase in weight loss between 1000 and 1200°C. Be-
tween 40 and 53% of the initial powder weight was
lost over the entire temperature range of 25-1200°C,
although the total weight loss was dependent on the
method of synthesis.

The initial rapid weight loss, between 30 and 35% of
the total, was due to the elimination of trapped sol-
vent and reaction by-products (H,O and ROH) and
desorption of excess water (refs. 8, 13, and 14). Fig-
ure 4 shows thermograms from DTA of the different



powders. In the temperature range from 25-100°C for
this figure, a suppressed but nonetheless distinct en-
dotherm was observed in all cases. These endotherms
correspond to the range of high weight loss observed in
figure 5 over the same temperature range. Endotherms
in this temperature range are due to the loss of ad-
sorbed water, and reaction by-products (methanol,
ethanol, isopropanol, and secbutanol) from the hydrol-
ysis of the alkoxides. Reaction by-product removal is
particularly evident in the 100-200°C range by an in-
flection of those curves belonging to ASB based meth-
ods, i.e., ] and II.ABS.2. This inflection, not present
in the AIP based methods, is due to the lower va-
por pressure of secbutanol relative to isopropanol re-
sulting in a depressed rate of vaporization in the for-
mer. The exotherms at approximately 300°C in fig-
ure 5 are due to combustion of organics (CH3O™,
C2HsO™, etc.) (refs. 15 and 16). Hence, species
such as Si(OH),(OC,Hs)4—-, B(OH),(OCH3)3-y, and
Al(OH).(OR)3-, where R is either the isopropanol
or secbutanol radical, exist up to this temperature at
the stated heating rate. These exotherms occur in the
transition region between high and low weight loss of
figure 5 indicating that the majority of alkoxides have
been converted to their equivalent oxide at this tem-
perature. It was expected that the samples prepared
from the higher molecular weight precursor (aluminum
secbutoxide), i.e., .LABS.2 and II.ABS.2, would lose
more weight at this combustion point than those pre-
pared from alumium isopropoxide. In figure 4 it can
be seen that this is the case for powders prepared from
method I but not so for method II.

The region of weight loss in the temperature range
300-1000°C is characterized by a slow but constant
increase in weight loss due to additional condensation
reactions (ref. 7). Hence, thermally soaking the green
powders within this temperature range was considered
a “pre-calcination” treatment.

There is no significant change in weight around 900°C
and so the exotherms present in figure 5 near this
temperature were attributed to a structural transfor-
mation. The change in slope of the DTA baseline
at =~835°C is common to all powders and indicative
of a change in their specific heat capacity. Such a
change occurs at the onset of the gel to glass transi-
tion, and hence, 835°C corresponds to the glass transi-
tion temperature (T,) of the ABS powders. Xiaoming
and Yuguang (ref. 12) reported a T, of approximately

930°C for high silica bearing gels within the ABS sys-
tem and a SiOz/B20; = 3.93. Sowman (ref. 4) re-
ported an exotherm in the DTA of aluminum borosili-
cate gels, similar in composition to those studied here,
in the temperature range 850-870°C. His subsequent
XRD analysis revealed the coincident formation of a
novel crystalline species, a “reverse mullite,” in this
temperature range.

The increase in slope of the TGA curves in the temper-
ature range 1000-1200°C accounted for an additional
1-5% weight loss. No thermal event was revealed in
the corresponding temperature range of the DTA ther-
mograms. The slopes are all similar with the exception
of I.ABS.2 which is considerably greater (fig. 3). Rec-
onciliation with other experimental results is necessary
before suggesting a plausible origin for this anomaly.

Physical Properties and Structure

Physical property characterization of the powders and
powder compacts began with their apparent density
(pa), i.e., density due to the solid phase and the iso-
lated pores within the solid phase. It was assumed
that the relative amounts of isolated pores were small
compared to the continuous pores.

After drying, the powders had a mean apparent den-
sity equal to 1.72 g/cm3. Individual values of the ap-
parent densities for each synthesis method is given in
table 6. The values of apparent density increased by
~:28% during pre-calcination. This increase indicated
a considerable consolidation of the gel particulate dur-
ing this stage of processing. This increase also corre-
sponded with a decrease in volume large enough to
offset the corresponding decrease in weight from 25—
600°C as indicated by the TGA results of figure 2. The
needed volume contraction could have occurred as a
result of the polycondensation reactions within indi-
vidual particles and agglomerates. The result of these
reactions, occurring simultaneously with the expulsion
of combustion and condensation reaction by-products,
is the collapse of macropores in the gel resulting in
a decreased porosity and a strengthening of the gel
skeletal structure. The apparent density of the ABS
powders after pre-calcination is approximately that of
silica glass (2.20 g/cm?) (ref. 17). This value was re-
tained as the initial apparent density of the powder

compacts.



The influence of the methods of synthesis was most
significant in the particle size distribution and mor-
phology. Table 7 lists the mean particle size and dis-
tribution and the mean diameter of agglomerates as
analyzed by SEM imaging. Particle size analysis, de-
termined after the powders were pre-calcined, showed
that AIP based powders consisted of larger agglomer-
ates but had a smaller mean particle size and distribu-
tion than those powders based on ASB. The particle
distribution differed significantly between I.ABS.1 and
1.ABS.2. ,

Figures 6(a) and (b) show an agglomerate from AIP
and ASB based powders respectively, both having been
exposed to 600°C for 2 h. The agglomerates from
methods based on AIP were found to be more regu-
larly shaped than those based on ASB. The later’s ag-
glomerates were more shard-like in shape. Figures 6(c)
and (d) are a higher magnification of the enclosed re-
gion in the micrographs of figures 6(a) and (b), re-
spectively. Figure 6(c) shows that the AIP based ag-
glomerate is composed of submicron particulates as
well as what appears to be well ordered rod-like struc-
tures. The ASB agglomerate shown in figure 4(d)
revealed a featureless morphology common in many
glasses (refs. 14 and 15). Hence, it appears that
ABS particulates derived from ASB are richer in glass
than those synthesized from AIP. XRD of all pow-
ders showed them to be amorphous at this stage of
processing.

Powder Compaction

Powder compacts were formed from the pre-calcined
powders.It was found that, for equal combinations of
pressure and time, different densities resulted with
compaction. This was considered to be detrimental
for additional densification studies and hence powder
compacts were formed based on an optimum green
density of 45% relative to glass. The variation in
relative bulk density (p/p.), where p, is the density
of fused silica, with punch pressure for ABS powders
is shown in figire 7. The required pressure needed
to obtain the desired density could then be obtained
by interpolation from this plot and ranged from 100-
160 MPa (14.5-23.2 ksi). The pressure was applied to
the sample for a total of five minutes in one minute
stages.

The variation in compaction pressure correlates with
the particle size and morphology of the pre-calcined

powders. The smaller particles found in AIP based
powders result in greater densities at lower applied
pressures. Their agglomerates are also more easily
comminuted with increasing pressure than those based
on ASB.

The ABS green compacts were very tenacious and
could be easily handled. The average dimensions of
a green compact were 0.515 inches in diameter and
0.240 inches in thickness. These dimensions gave a
thickness to diameter ratio of 0.47, a value indicative
of minimal bulk density gradients in powder compacts
pressed from a single action die (ref. 17).

Conclusions

Aluminoborosilicate powders with the molar ratio
3:1:2 (Al;03:B203:5i02) were synthesized using the
sol-gel process. Methods of synthesis were developed
to show the potential for structural control as revealed
by differences in thermochemical behavior, physical

- properties, and morphology.

After drying and pre-calcining (600°C for 2 h in flow-
ing air) the powders, methods based on AIP resulted
in powders with mean particle diameters Sum less
than those based on ASB. Powders synthesized from
AIP produced regularly shaped agglomerates com-
prised of rod shaped crystallites, while those based
on ASB formed glassy irregular shard-like agglomer-
ates. However, all powders were amorphous after pre-
calcination. Powder compaction behavior was reflec-
tive of these particle characteristics. Greater compact
densities at lower compaction pressures were achieved
with AIP based powders. A glass transition tempera-
ture of ~835°C was common to all powders as well as
an exotherm at approximately 900°C. This exotherm
was attributed to a crystalline transformation. An in-
crease in weight loss was observed above 1100°C and
is believed to be due to the vaporization of boria. The
temperature range and magnitude of the increase var-
ied according to the method of synthesis.

ASB based powders contained less trace impurities
than AIP based powders and was attributed to the
chemical purity of the alumina precursor. No correla-
tion between these contaminants and the characterized
powders was evident.
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Table 1. Grade and supplier of reagents used in the synthesis of ABS powders

Reagent " Designated grade “Supplier

Aluminum so-propoxide 98+ % Alfa Products
Al(OC3Hy)s

Aluminum tri-(sec-butoxide) Double distilled Chattem Chemicals
Al(OC,Ho)s

Teraethylorthosilicate Reagent Fisher Scientific Co.
Si(OC,Hs)4

Trimethyl borate Practical Eastman Kodak Co.
B(OCHzs)s

Ethyl alcohol US.P. U.S. Industrial Chemicals Co.
C2HsOH

Water Distilled and deionized Barnstead Co.
H,O > 18 megaohm

Nitric acid 78% J.T. Baker Chemical Co.
HNOg Baker Instra-Analyzed

Table 2. Comparison of calculated and analyzed molar oxide ratios in synthesized ABS powders after
pre-calcination

Method Oxide molar ratio
m()z Al2O3 /B203 Si09 / BaOs
1.ABS.1 1.69 3.18 1.88
1.ABS.2 1.64 3.18 1.94
II.ABS.1 1.69 3.18 1.88
I1I.ABS.2 1.64 3.37 2.06
Calculated 1.50 3.00 2.00

Table 3. Major oxide concentrations in synthesized ABS powders after pre-calcination

Method 'Oxide (Wt percent’

2 0y o
I.ABS.1 554  12.0 19.7 87.1
1.ABS.2 554 124 201 879
IL.ABS.1 554 11.7 193 864
I1.ABS.2 546 11.0 200 856
Calculated 620 14.0 240 100.0




Table 4. Impurity levels in synthesized ABS powders after pre-calcination

Method Impurity concentration (wt percent)

Na;O K0 Li;O M0  CaO FeOs
I.,ABS1 +LQD 0.26° LQD 0.015 0.007* 0.004°
I.ABS.2 LQD 0.18¢ *LQD <+LQD 0.007 =*LQD
II.LABS.1 LQD 026* +LQD 0.015 0.007* 0.003°
ILABS2 +LQD 0.24° *LQD 0.015 0.005* +LQD

Note. All results have an accuracy of £1% except where indicated.
LQD = Lowest quantity determinable.
SValues are £10% of that reported.

Table 5. Calculated and analyzed chemical composition of an ABS powder compact as determined by ESCA
and ICP-AES

“Element Atom percent Analytical
Calculated ESCA® JCP-AES® agreement, atom percent
Al 23.1 242 232 N 1.0
B 7.7 6.0 6.6 0.6
Si 7.7 9.6 7.0 24
C 3.7 449 0.7
0 61.5 56.5 58.8¢ 2.3

o[.ABS.1 after 100 A ion milling, probe area = 600 um?.
Accuracy is reported to be 10% of the relative abundance.
$1.ABS.1, accuracy of £1% of reported value.

¢Calculated from stoichiometric oxide content of listed metals.
dDifference from mass balance.

Table 6. Apparent density of synthesized ABS powders after several stages of processing

Method Apparent density (g/cm!)
Powder alter Powder alter Powder compact
70°C,24-48h 600°C,2h as pressed

L.LABS.1 1.68 2.15 224
L.LABS.2 1.67 2.28 2.09
II.LABS.1 1.87 2.18 2.16
I1.ABS.2 1.87 2.22 2.15




Table 7. Particle size, distribution, and agglomerate diameter of synthesized ABS powders®

Method  Particle size (um) " Particle Agglomerate
distribution (um) diameter (psm)
<9%wv/o <5v/o

1.ABS.1 9.5 34.6 22 53
1.ABS.2 15.31 43.5 2.5 46
II.LABS.1 8.9 395 . 53
I1.ABS.2 12.7 41.9 2.9 40

sDetermination of particle size and disribution based on laser
diffraction using Rosin-Rammler distribution function and a
measuring range of 1.86-135 um. Agglomerate mean diameters
from SEM imaging.

A0,
2020°
(N) - 3A1,03 - B03 - 25i0,
AQBZ 1950°
1840°
6t AgB 1036°
1850° AgS, N
®
AN
v ~ %
2%
o® Ve <
& 7/ N\
< // / \\ 38
16860 // \N
~7 1800 P N
,/ _ . - \\\\
”~ - 1500 N
: N
” // _ \\
7 T - 1400 __ N\~
- —— -
1596° /3 ’:/’:_____———-""" 1300 A A8
ms 20 40 ) 80 470°
§io2 8203-Si0, B203
A= Alx03

B=By03 §=Si0y

Figure 1. Alz03-B;05-SiO2 phase diagram indicating the studied composition N.



ﬁ.ea.ction mechanism?®

4.

Si(OEt), + H;0 — Si(OH)(OEt)s + EtOH

Si(OH)(OEt)s + B(OMe)s — (Et0)3SiOB(OMe); + MeOH
3AI(OR)s + (Et0)sSiOB(OMe); + 14H;0 — 3AI(OH)3 +
(HO)sSiOB(OH); + 9ROH + 3EtOH + 2MeOH

6Al(OH)s + 2(HO)3SiOB(OH); —» 3AlL0s - B;0s - 25i02 + 14H,0

SR = (CsHy)"® for .ABS.1 and (C¢Hp)** for I.ABS.2, EtOH = C;H;OH,
MeOH = CH;OH.

Figure 2. Proposed reaction steps and mechanisms in the synthesis of ABS powders, method I.

Step " Reaction mechanism®
1. Si(OEt), + H,0 — Si(OH)(OEt)s + EtOH

2. Si(OH)(OEt); + 3Al(OR)3s — (EtO)sSiOAl(OR); + 2Al(OR)3 + ROH

3. (EtO)3SiOAl(OR); + 2Al(OR)s + B(OMe)s + 14H20 —
(HO)3SiOAI(OH); + 2Al(OH)s + B(OH)s + 3EtOH+
S8ROH + 3MeOH

4. 2(HO)3SiOAIOH); + 4Al(OH)s + 2B(OH)3 —
3Al;03 - B30s - 25102 + 14H,0

SR = (C3H7)"® for I1.ABS.1 and (C4Hg)** for I1.ABS.2, EtOH = C;H5OH,

MeOH = CH3OH.

Figure 3. Proposed reaction steps and mechanisms in the synthesis of ABS powders, method II.
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Figure 4. Percent weight loss with temperature from TGA of synthesized ABS powders.
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1. ABS.?

Temperature difference (°C)
»
@
N

Heating rate: 5°C/min
Atmosphere: Air
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Figure 5. Temperature difference vs. temperature, from DTA of synthesized ABS powders.
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80um

15um

Figure 6. SEM micrograph of ABS agglomerates prepared from different methods. (a) AIP based agglomerate,
(b) ASB based agglomerate, (c) 5X magnification of boxed area in (a); (d) 5X magnification of boxed area in

(b).
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Figure 7. Variation in relative bulk density with compaction pressure for synthesized ABS powders.
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